MicroRNAs (miRNAs) are endogenous small non-coding RNAs that play crucial roles in 24 numerous biological processes. However, the role of miRNAs in skin color determination in fish 25
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and terminally differentiating suprabasal cells, ensuring proper identity of neighboring layers (Yi 70 et al., 2008 ). miR-137 expression level can affect the body color pattern in mice (Dong et al., 71 2012) . In Drosophila, the loss of miR-8 shows a significant decreased pigmentation of the dorsal 72 abdomen (Kennell et al., 2012) . These evidences suggest that miRNAs could be involved in the 73 formation of body color. However, no miRNA has been reported in the process of the 74 determination of fish skin color. 75
The common carp (Cyprinus carpio) is a widespread freshwater fish of eutrophic waters in 76 lakes and large rivers in Europe and Asia. They have numerous skin colors in the natural 77 environment, such as red, white, orange, or black body color (Wang et al., 2009 ). In the past ten 78 years, we have built two pure strains of common carp, which have white or red skin color 79 respectively. Moreover, the trait of skin color is inherited in accordance with the law of Mendelian 80 inheritance as shown in Fig. S1 . Thus, they offer an appealing model system to investigate the 81 genetic basis of skin pigment patterns. However, the unclear genetic background hinders its 82 application for basic biological study. Tilapia is an important model for the research of fish 83 physiology, endocrinology, and the evolutionary mechanisms in vertebrates. It also has a diversity 84 of color patterns including red and white skin color. Scientists have successfully completed tilapia 85 whole-genome sequencing project in, providing a relative clear genome information (Guyon et al., 86 hairpin structures against the miRBase (http://microrna.sanger.ac.uk/sequences/) (Kozomara and 114 Griffiths-Jones, 2011) . With this similarity search, 73 miRNAs were found to be the same as at 115 least one published miRNAs in the miRBase. All of these conserved miRNA precursors were 116 identified, and had a hairpin structure (Data not shown). Based on sequence similarity, these 117 known miRNAs were divided into 37 families (Table S2) . 118 miRNAs show differential expression in white and red skin 119
To gain insight into the functional role of miRNAs in physiological process, it is essential to 120 have precise information on their temporal and spatial expression patterns. Firstly, we detected the 121 expression levels of skin-related miRNAs in different color skin in common carp. The result 122 indicats that 14 distinct miRNAs are differentially expressed between white and red skin. miR-25, 123 miR-15a-3p, miR-146b, miR-184, miR-429, and miR-141 are abundantly expressed in red skin, 124 while miR-18a, miR-137, miR-17a, miR-203a, miR-9-3p, miR-9-5p, miR-129-5p and miR-204 125 are highly abundantly expressed in white skin (Table 1) . In tilapia, we also detected the expression 126 levels of these differentially expressed miRNAs identifed in common carp. The result shows that 127 except miR-141, miR-129-5p or miR-17a, other differentially expressed miRNAs have the similar 128 expression pattern between common carp and tilapia (Table S3) . 129
The expressions of miRNAs are tightly regulated in a time-and space-dependent manner. 130
Tissue-specific miRNAs or high-abundance miRNAs expressed in certain tissues implies that 131 these miRNAs play critical roles in the maintenance of tissue function. The observation that 132 miR-25, miR-137, miR-203a, and miR-429 are strongly expressed in the skin, implies an 133 important role for these miRNAs in the skin constitutive process (Table 2 ). In addition, we 134 examined miRNAs expression profiling during the development of common carp at five different 135
Journal of Cell Science Accepted manuscript developmental stages, including zygote, blastula, gastrula, segmentation, and larvae. Interesting, 136
we found that miR-429 shows a dynamic expression pattern. miR-429 expression is first detected 137 at the beginning of the gastrulae stage, and its expression is significantly up-regulated in 138 segmentation stage and this expression then sustains through to larvae stage (Table 2 and Fig. S2) . 139
Given pigment cells are initially derived from the neural crest during gastrula stage (Betancur et 140 al., 2010) , we speculated that miR-429 is potential regulator of pigmentation process. 141 miR-429 silencing affects the pigmentation process 142
In previous studies, we have employed miRNA antagomir method to conduct miRNA loss 143 of function experiment in vivo (Yan et al.,2012; Yan et al., 2013) . In this study, we also observed 144 that miR-429 expression could be efficiently blocked by its corresponding antagomir (miR-429 145 antagomir) but not the mismatched miRNA (miR-203 antagomir) in vivo. Furthermore, the 146 silencing effect of miRNA antagomir was detected at different time points (Fig. S3 ). To evaluate 147 the effect of miR-429 silencing on skin pigmentation, we injected red tilapia weighing about 5g 148 with miR-429 antagomir for thirty days. miR-429 expression is efficiently silenced by miR-429 149 antagomir but not by the mistched antagmor ( Fig. 2A) . There is no significant difference observed 150 between the wild-type fish and miR-429 silencing fish in survival rate (Data not shown). We 151 compared the melanin production between wild-type and miR-429 silencing fish. We found that 152 the red fish injected with miR-429 antagomir have lower melanin content relative to its matched 153 red group (Fig. 2B) . In red common carp, we also observed that the treatment of miR-429 154 antagomir is able to significantly decrease the melanin content in skin (Fig. S4 ). These data 155 suggest that miR-429 expression levels could affecte the process of skin pigmentation in fish. 156 miR-429 acts directly at the 3'-UTR of Foxd3 157
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To determine the role of miR-429 in the pigmentation process, we performed an in silico 158 functional annotation analysis of its predicted target genes using the TargetScan and miRanda 159 program based on tilapia genome sequence (Chen et al., 2005) . We screened candidate genes of 160 melanogenesis signaling pathway in the KEGG pathway database (http://www.kegg.jp/kegg/) 161 (Kanehisa et al., 2008) , and found that Foxd3 is potential target gene of miR-429. The sequence 162 alignment between miR-429 and the 3'-UTR segment of Foxd3 is shown in Fig. 3A . Foxd3 has 163
shown to play a functional role in the specification of various downstream neural crest derivatives. 164
To verify Foxd3/miR-429 interaction, we engineered two luciferase reporters, which are the 165 wild-type 3'-UTR of Foxd3 gene, or the mutant UTR of Foxd3 gene. One luciferase reporter with 166 or without miR-429 mimic or a scrambled miRNA mimic were transfected with into HEK 293T 167 cell. The scrambled miRNA mimic with no homology to the tilapia genome was used to control 168 the nonspecific effects. As shown in Fig. 3B , the transfection of scrambled miRNA mimic does 169 not affect the luciferase activity of Foxd3 3'-UTR wildytpe reporter. However, miR-429 mimic 170 transfection results in a significant decrease in the luciferase activity of Foxd3 3'-UTR wildytpe 171 reporter. By contrast, the luciferase activity of Foxd3 3'-UTR mutant reporters is not repressed by 172 miR-429 mimic (Fig. 3B ). In addition, we found that in vivo administration of miR-429 antagomir 173 but not NaCl results in a profound decrease in the endogenous expression of miR-429 (Fig. 3C) . 174
Meanwhile, we detected a significant increase in Foxd3 expression at mRNA level and protein 175 level ( Fig. 3D and 3E ). The inverse expression correlation between miRNAs and putative target 176 gene also suggests that miR-429 can directly regulate Foxd3 expression in vivo. Taken together, 177 these data indicate that miR-429 regulates Foxd3 expression through targeting of the 3'-UTR of 178 Journal of Cell Science Accepted manuscript the keratinocytes to secrete to enhance the synthesis of skin melanin (Fig. 5A ). By comparison, we 202 found that the change of UV-mediated miR-429 expression is significantly earlier than that of 203 UV-mediated gene and protein expression, suggesting that miRNA regulation occurs earlier than 204 most gene transcription response (Fig. 5A ). In addition, we also found that miR-429 expression 205 was significantly increased in fish upon UV radiation. Meanwhile, we detected a significant 206 reduction in Foxd3 expression and a marked increase in MITF expression at mRNA level and 207 protein level (Fig. 5B-D) . To determine whether miR-429 is involved in MSH-mediated 208 pigmentation, we compared the expression profiling of inhibiting mRNA translation. They play pivotal roles in a variety of developmental processes, and 216 their dysregulations are linked to numerous skin diseases (Mo, 2012) . When miRNAs are globally 217 ablated in skin epithelium by conditionally targeting Dicer 1, a miRNA-processing enzyme, this 218 operation could distort epidermal morphology, implying a key role of miRNAs in skin 219 development (Yi et al., 2006) . To gain the insight into the possible significance of skin miRNAs in 220 fish, we first identified miRNAs expression profile in the skin tissue in fish, and then compared 221 miRNAs expression pattern between white and red skin. We found that 11 miRNAs are 222 differentially expressed in different color skin, implying these differential expressed miRNAs may 223 be involved in skin pigmentation. The knowledge of tissue-specific and cell-specific expression 224 patterns of miRNAs can directly inform functional studies (Aboobaker et al., 2005) . Previous 225 studies have revealed that miR-375 is specifically expressed in pancreatic islet cells, where it 226 regulates the expression of insulin secretion (Poy et al., 2004) . miR-1 is expressed exclusively in 227 muscle, where it regulates cardiomyocyte proliferation in vertebrates and muscle physiology in 228 flies (Sokol and Ambros, 2005; Zhao et al., 2005) . Here, we found that miR-429, miR-25, and 229 miR-137 is highly expressed in fish skin. Specially, miR-429 displays dynamic expression patterns 230 during embryonic development. miR-429 is first detected at the gastrulae stage, and then its 231 expression is gradually up-regulated until the larvae stage. Since pigment cells are initially derived 232 from the neural crest during gastrula stage, we speculated that miR-429 may play a key role in 233 regulating skin pigmentation. 234
Skin pigmentation in fish is a complex process that involves a series of cellular, genetic and 235 physiological factors (Colihueque, 2010) . The role of miRNAs in pigmentation has been reported 236 in some species, including mouse, alpaca, and Drosophila (Dong et al., 2012; Kennell et al., 2012; 237 Zhu et al., 2010) . In this study, we revealed that miR-429 is a potential regulator of fish 238 pigmentation. Our previous study found that miR-429 directly regulates the expression of OSTF1, 239 an osmotic stress transcriptional factor, revealing a role of miR-429 in fish osmoregulation (Yan et 240 al.,2012) . Here, we found that miR-429 is highly expressed in red skin, and inhibition of miR-429 241 function causes a significant decrease in skin pigmentation. This study further extends the 242 biological role of miR-429 in fish. miR-429 is a member of miR-8 family, which has been 243 predicted or experimentally confirmed in a wide range of species. Prior studies have identified 244 miR-8 as a regulator of osmoregulation, growth, apoptosis, and neuronal survival by targeting 245
Journal of Cell Science Accepted manuscript multiple mRNAs (Hyun et al., 2009; Loya et al., 2009; Vallejo et al., 2011) . In Drosophila, miR-8 246 is required for proper spatial patterning of pigment on adult female abdomens. Loss of miR-8 in 247 the developing cuticle results in cell-autonomous loss of pigmentation (Kennell et al., 2012) . 248
Sequence alignment suggests that miR-8 family is highly conserved between invertebrates and 249 vertebrates, which might indicate that its function has been conserved. Our study provides an 250 example which suggests that the role of miR-8 in pigmentation is highly conserved between 251 invertebrates and vertebrates. In summary, we revealed a novel regulatory mechanism for skin pigmentation in fish from 302 miRNA viewpoint. We found that miR-429 is differentilly expressed between white and red skin, 303 and its silencing using antagomir leads to a significant change in skin melanin content. The 304 post-transcriptional regulation of Foxd3 by miR-429, could affect the expression of MITF and its 305 downstream genes, including TYR, TYRP1, and TYRP2, which in turn affect the pigmentation 306 process in fish skin. miRNA-mediated melanogenesis may provide an additional option for fish to 307 avoid UV injury. 308
Materials and methods 309

Experimental fish 310
Tilapia and common carp was obtained from the fishery farm of Shanghai Ocean University. 311
Journal of Cell Science Accepted manuscript sequencing was performed as follows. RNA was purified by polyacrylamide gel electrophoresis 320 (PAGE) to enrich for the molecules in the range of 17-27 nt, then was ligated with 5' and 3' 321 adapters. The resulting samples were used as templates for cDNA synthesis followed by PCR 322 amplification.
The obtained sequencing libraries were subjected to Solexa 323 sequencing-by-synthesis method. After the run, image analysis, sequencing quality evaluation and 324 data production summarization were performed with Illumina/Solexa pipeline. 325
Identification of skin-related miRNAs 326
The sequencing data was pretreated to discard low quality reads, no 3'-adaptor reads, 327 5'-adaptor contaminants and sequences shorter than 18 nucleotides. After trimming the 3′ adaptor 328 sequence, sequence tags were mapped onto the zebrafish genome using SOAP software 329 inhibitor or left untreated, and then they were exposed to UV radiation for the indicated times. The 556 relative expressions of MC1R and α -MSH levels were detected by real-time PCR and Western blot. 557
Each sample was analyzed in triplicate. Asterisk (﹡) indicates significant difference compared with 558 the control group ( P < 0.05). 559 The level of miR-429 expression in zygote, blastula, gastrula, segmentation, or larvae stage was 572 detected by using stem-loop PCR. 18S rRNA expression was detected as the internal control. The 573 data was expressed as the relative change compared with the expression in larvae stage (Control 574 Journal of Cell Science Accepted manuscript group). Asterisk (﹡) indicates significant difference compared with the control group ( P < 0.05). 575 
